Vortex fields carrying orbital angular momentum are robust with respect to a wide range of external disturbances and exhibit self-healing properties. These peculiar characteristics have been deeply investigated at optical frequencies but only a few of them have been observed at microwaves. In this paper, we try to partially fill this gap by investigating the topological characteristics of vortex fields radiated by standard patch antennas. In particular, we describe the behavior of a vortex mode when a metallic screen is placed in the near field of the radiating patch. Through a proper set of full-wave numerical simulations, we show that the main characteristics of the vortex mode, i.e. the spiral phase profile and the amplitude null, are preserved even if the overall radiated field is strongly perturbed by the obstacle.
Introduction
Singularity points, i.e., points where a physical quantity assumes an undefined value, are ubiquitous in many branches of physics. Typical examples are phase singularities of optical vortices, which are optical fields characterized by an amplitude null in the center beam around which the phase circulates [1] . Their peculiar characteristics, strictly related to their topological nature, have been deeply investigated leading to a plethora of possible applications in imaging, communication, and identification systems, just to name a few. Generation of optical vortices is typically based on the interaction between light and matter. In particular, for imparting the required spiral phase front to a standard optical beam, spiral phase plates [2] , pitch fork holograms [3] or Q-plates [4] have been exploited.
First investigated and experimentally realized at optical frequencies, vortex fields have been extended also to other frequency ranges. In particular, standard radiating structures, such as antenna arrays [5] , parabolic or spiral reflectors [6] , [7] , and patch antennas [8] have been designed for radiating vortex modes at microwaves. In this frequency range, most research efforts have been focused on exploiting the intrinsic orthogonality of different vortex modes in communication systems. However, despite the first enthusiastic proclamations, multiplexing systems based on vortex modes turned out to be a sub-case of MIMO systems with, consequently, no particular advantages compared to other standard multiplexing techniques. Nevertheless, investigations of microwave vortices have led to other several interesting findings such as the possibility to be exploited for identification systems [9] , for achieving anomalous polarization states [10] , or for shaping the antenna radiation pattern [11] . Some of these findings are related to the robustness of phase singularity points that, being a topological characteristic of vortex modes, cannot be easily suppressed [12] . In particular, we have exploited this property to manipulate the overall radiation pattern of a patch antenna generating vortex modes [11] . In fact, by designing an antenna able to radiate simultaneously a vortex and a vortex-free mode, the latter cannot suppress the phase singularity point of the total radiated beam, which, however, can be simply moved by acting on the amplitudes and phases of excitation of the two constituting beams. As phase singularity points are necessarily coexistent with amplitude nulls, this allows to directly manipulate the overall radiation pattern.
We remark here that this property is not the only form of robustness exhibited by vortex modes. In fact, as demonstrated at optical frequencies, this kind of electromagnetic fields is robust with respect to a wide range of external perturbations and, in particular, shows self-healing properties when part of the beam itself is obstructed by an opaque obstacle [13] . However, to the best of our knowledge, this behavior has been not exploited or investigated at lower frequencies.
The main purpose of this contribution is, thus, to extend to microwave frequencies some results about the selfreconstruction capabilities of optical vortex beams. In par-ticular, we study the behavior of a vortex mode radiated by a patch antenna when a metallic screen is placed in the near field of the antenna itself. Through a proper set of fullwave numerical simulations, we will show that the peculiar properties of the radiated field and, thus, of the antenna radiation pattern, persist also when the near field of the antenna itself is strongly perturbed.
Description of the Simulation Setup
After the first experimental realization at microwaves, several standard radiating systems have been modified to support electromagnetic radiation with a phase singularity. One of the simpler solutions is the use of a single patch antenna properly designed to radiate circularly polarized (CP) higher order modes. In fact, as shown in [14] , a CP TM n1 mode exhibits a phase singularity of order n -1 in the center beam. Therefore, to generate a vortex mode of the first order, we use an elliptical patch antenna excited with a single coaxial feed, as shown in Fig. 1 . In this way, we can properly choose the dimensions of the two main axis of the elliptic patch, A 1 and A 2 , to excite two degenerate and in quadrature TM 21 modes and, thus, to radiate an overall CP TM 21 mode around the center operating frequency (2.4 GHz). Please note that more details on the design procedure can be found in [14] .
In order to investigate the robustness of the radiated vortex mode, we have placed in front of the patch antenna opaque obstacles of different dimensions and shapes. However, for sake of brevity and for comparing the results with the ones already reported in optics [13] , in this paper we focus our attention on the case of a thin metallic screen placed parallel to the patch antenna, as shown in Fig. 1 .
The patch (with dimensions: A 1 = 75.2 mm, A 2 = 81.3 mm) is etched on a Rogers Duroid TM RT5870 dielectric substrate (0.787 mm thick), while the screen overall dimensions are 120 × 94 × 1 mm 3 . In this way, the metallic screen can intercept most of the field radiated by the patch, including the singularity point that lies in the broadside direction. Moreover, different screen positions d have been 
Simulation Results
First, in order to verify that the obstacle does not compromise the effectiveness of the antenna in radiating the selected vortex mode, we have evaluated the matching performance of the obstructed antenna for different screen distances and for a fixed shift with respect to the lower edge of the patch (s = -10 mm). As expected, by approaching the screen to the antenna plane, the matching properties worsen. However, for all the cases of interest, a good impedance matching has been obtained at the center operating frequency, as shown in Fig. 2 . Moreover, from this figure we can observe that the reflection coefficient magnitude exhibits two partially overlapped resonant frequencies, corresponding to the two degenerated TM 21 modes required to obtain a circular polarization [14] .
Then, in order to evaluate the effect of the obstacle on the topological properties of the vortex mode, we have analyzed the field radiated by the patch antenna for different screen positions (d = λ/4, λ/2, 3λ/4 and λ; where λ is the operational wavelength at the center operating frequency). As can be appreciated in Fig. 3 , the obstacle strongly perturbs the radiated field that, on the plane of the screen, does not exhibit the central phase singularity point that characterizes any vortex mode. However, this does not compromise the presence of the spiral phase front. In fact, moving away from the screen, the phase singularity point regenerates itself, as shown in Fig. 4 , confirming the self-healing properties of vortex modes.
Please note, however, that the obstacle affects the overall field by moving the phase singularity point with respect to the original center position. This effect is equivalent to the one already investigated at microwaves [10] , where a properly superimposed vortex-free mode was used to control the phase singularity point of a vortex mode of the first order. Therefore, we can infer that the presence of the obstacle gives rise to an undesired vortex-free com- ponent that, as demonstrated in [10] , has a direct impact also on the radiation pattern of the overall structure. In fact, the shift of the phase singularity points along the vertical direction induces a tilt of the overall radiation pattern, as shown in Fig. 5 . In particular, the deflection of the radiation null toward the obstacle decreases as the distance between the obstacle and antenna increases.
Please note that we have reported here only the phase patterns of the x-component of the radiated electric field but, working with circular polarized modes, a similar behavior can be observed also for the y-component.
Finally, we have also evaluated, for a given distance of the screen (d = λ/2) and without loss of generality, the effect of a vertical shift of the screen itself. Again, the reflection coefficient magnitude, reported in Fig. 6 , confirms the good impedance matching of the antenna in all the considered scenarios. Moreover, by acting on the vertical position of the screen, we change the portion of the radiated field intercepted by the obstacle. As shown in Fig. 7 , this results in a null position that increasingly moves away from the broadside direction as the vertical displacement of the screen is increased. Please note also that the radiation null is tilted upward or downward depending on whether the major part of the screen is placed above or below the central point of the patch. We remark here that these results do not exhaustively investigate the problem of a metallic screen that alters the amplitude and phase distributions of a vortex mode radiated by a patch antenna. In fact, the effects of the shape and dimensions of the obstacle should be further investigated. However, our preliminary analysis suggests that topological robustness of vortex modes may be exploited for designing complex antenna systems, whose radiation characteristics are only slightly perturbed by the presence of obstacles in their near field.
Conclusions
In this paper, we have investigated the self-healing properties of vortex modes generated at microwaves. For this purpose, we have analyzed a simple simulation setup consisting of a circular patch antenna (properly designed to radiate a vortex mode with a phase singularity of the first order) and a thin metallic screen placed in its close proximity. By studying the field distributions beyond the screen, we have observed that the phase singularity point of the vortex mode actually persists even in the presence of strong disturbances introduced by the screen. This has also an effect on the overall radiation pattern that, despite the presence of a large metallic object in the near field of the antenna, still exhibits a deep radiation null. These findings can be exploited to predict and mitigate unwanted effects of opaque objects placed in the near field of existing radiating structures. Moreover, they suggest that topological properties of vortex modes could be used for designing new antenna systems with robust radiation characteristics with respect to large obstacles placed in their close proximity.
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